It has to be noted, that the thermodynamics applies only to equilibrium adsorption isotherms. The equilibrium of heavy metals adsorption on activated carbons is still in its infancy due to the complexity of operating mechanisms of metal ions binding to carbon with ion exchange, complexation, and surface adsorption as the prevalent ones (Brown et al., 2000) . Furthermore, these processes are strongly affected by the pH of the aqueous solution (Liu et. al., 2004; Chen and Lin, 2001; Brigatti et al., 2000) . The influence of pH is generally attributed to the variation, with pH, in the relative distribution of the metal and carbon surface species, in their charge and proton balance (Csobán et al., 1998; Kratochvil and Volesky, 1998) . Therefore, the equilibrium constants of each type of the species on each type of the activated sites are very important for the controlling of metals ions capture by activated carbons (Carrott et al., 1997; Chen & Lin, 2001) . Another area of the debates is an optimum contact time to reach the adsorption equilibrium and, once again, regardless of the solution pHs, the differences in metal ions speciation, adsorbents charge and potential, complicate the overall process and make a comparison of the results of a metals capture by activated carbons difficult. The majority of studies on the sorption kinetics have revealed a two-step behaviour of the adsorption systems (Brigatti et al., 2000; Csobán et al., 1998; Raji et al., 1998) with fast initial uptake and much slower gradual uptake afterwards, which might take days even months Csobán et al., 1998; Raji et al., 1998; Kumar et al., 2000; Ajmal et al., 2001; Lakatos et al., 2002; Chakir et al., 2002; Leist et al., 2000; Csobán & Joó, 1999) . Some of the authors reported the optimum contact time of minutes (Kumar et al., 2000; Ajmal et al., 2001) , whereas, at the other extreme, that of hundred hours (Brigatti et al., 2000; Lakatos et al., 2002) for equilibrium to be attained; and the average values reported for the heavy metal binding were of 1-5 hours (Csobán et al., 1998; Raji et al., 1998; Chakir et al., 2002; Leist et al., 2000; Csobán and Joó, 1999) . It has been also stressed that adsorption thermodynamics is drastically affected by the equilibrium pH of the solutions. Regardless of the equilibrium pH, adsorption of the heavy metals by a single adsorbent could be completed in a quite different contact time (Carrott et al., 1997; Lalvani et al., 1998; Farias et al., 2002; Perez-Candela et al., 1995) . Taking into account that equilibration of metal ions uptake by activated carbons depends on the equilibrium pH, authors agreed (Lyubchik et al., 2003) with the statement (Carrott et al., 1997) that it would be appropriate to express adsorption results in terms of the final solution pH. However, this practice is not widely used by the investigators. Due to the prolonged time is needed to accomplish thermodynamic equilibrium conditions, the adsorption experiments are often carried out under pseudo-equilibrium condition, when the actual time is chosen either to accomplish the rapid adsorption step or, rather arbitrary, to ensure that the saturation level of the carbon is reached (Kumar et al., 2000) . However, once again, the adsorption models are all valid only and, therefore, applicable only to complete equilibration. The study presented herein is part of the work aimed the exploration of the mechanism of Cr (III) adsorption on activated carbons associated with varying of surface oxygen functionality and porous texture. The mechanism of chromium adsorption was investigated through a series of equilibrium and kinetic experiments under varying pH, temperature, initial chromium concentration, carbon loading for wide-ranging carbons of different surface properties (i.e. texture and surface groups) (Lyubchik et al., 2004; Lyubchik et al., 2005; Lyubchik et al., 2008) ; and particular objective of the current study is evaluation of the thermodynamics (entropy, enthalpy, free energy) parameters of the adsorption process in the system "Cr (III) -activated carbon".
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Thermodynamics were evaluated through a series of the equilibrium experiments under varying temperature, initial chromium concentration, carbon loading for two sets of the commercial activated carbons and their oxidised by post-chemical treatment forms with different texture and surface functionality. This approach served the dual purpose: i) gained deep insight into various carbon's structural characteristics and their effect on thermodynamics of the Cr (III) adsorption; and ii) gained insight, which often very difficult or impossible to obtain by other mean, into equilibrium of the Cr (III) adsorption on activated carbon. The thermodynamics parameters were evaluated using both the thermodynamic equilibrium constants and the Langmuir, Freundlich and BET constants. The obtained data on thermodynamic parameters were compared, when it was possible.
Experimental
Materials
Two commercially available activated charcoals GR MERCK 2518 and GAC Norit 1240 Plus (A-10128) were chosen as adsorbents. The activated carbons were used as supplied (parent carbons) and after their oxidative post treatments. Chemical treatment aimed at introduction of the surface oxygen functional groups on the carbon surface. In some conditions, the chemical treatments also changed the carbons porous texture.
Surface modification
Commercial activated charcoals GR MERCK 2518 and GAC Norit 1240 Plus (A-10128) have been subjected to the post-chemical treatment with 1 М nitric acid at boiling temperature during 6 h. The oxidized materials, were subsequently washed with distilled water until neutral media, and dried in an oven at 110 0 C for 24 h.
Surface characterization
The textural characterization of the carbon samples was based on nitrogen adsorption isotherms at 77K. These experiments were carried out with Surface Area & Porosimetry Analyzer, Micromeritics ASAP 2010 apparatus. Prior to the adsorption testing, the samples were outgassing at 240 0 C for 24 h under a pressure of 10 -3 Pa. The apparent surface areas were determined from the adsorption isotherms using the BET equation; the DubininRaduskhevich and B.J.H. methods were applied respectively to determine the micro-and mesopores volume. The oxidation treatment resulted in reduction of the apparent surface area with mesopores formation (Table 1) . The carbon's point zero charge (pH PZC values) were obtained by acid-base titration (Sontheimer, 1988) . pH PZC decreases when the carbon surface is treated with nitric acid (Table 1) . The parent carbons and their oxidized forms were characterized by elemental and proximate analyses using an Automatic CHNS-O Elemental Analyzer and a Flash EATM 1112 (Table 2 ). The oxygen content significantly increases when the carbon surface is treated with nitric acid. The carbon surface was also characterized by temperature-programmed desorption with a Micromeritics TPD/TPR 2900 equipment. A quartz microreactor was connected to a mass spectrometer set up (Fisons MD800) for continuous analysis of gases evolved in a MID (multiple ion detection) mode. Surface oxygen groups on carbon materials decomposed upon heating by releasing CO and CO 2 at different temperatures (Table 3 ). The assignment of the TPD peaks to the specifics surface groups was based on the data published in the literature (Figueiredo, 1999) . Thus, a CO 2 peak results from decomposition of the carboxylic acid groups at low temperatures (below 400 0 C), or lactones at high temperatures (650 0 C); carboxylic anhydrous decompose as CO and CO 2 at the same temperature (around 650 0 C). Ether (700 0 C), phenol (600-700 0 C) and carbonyls/quinones (700-980 0 C) decompose as CO. The treatment by nitric acid resulted in an increase in carboxylic acids and anhydrous carboxylic, lactones and phenol groups. The batch tests were conducted by loading a desirable amount of sorbent to the 250 ml Erlenmeyer flasks containing the Cr(III) solution of fixed (at 200 ppm, which is 10 times lower than the initial concentration present in the tannery wastewater) concentration. Each of the 10 samples used for one experiment consisted of a known carbon dosage from a range 1.2 -20 g/l in 25 ml of Cr(III) 200 ppm solution, which were shaking on a gyratory shaker at 180 rev/min for 1-7 days (depending on the temperature of the experiment). Each experiment was performed for both initial and post-treated with peroxide, 1 М and acid forms of Norit and Merck carbons, thus generated a total of 1022=40 samples for each experimental temperature. Furthermore, in some cases, for the batch tests the conditions were changed for fixed carbon loading at 4.8 g/l, whereas Cr(III) concentration were varied from 50 to 2000 ppm. Experiments were duplicated for quality control. The standard deviation of the adsorption parameters was under 1.5 %.
Carbons
At the end of the experiments, the adsorbent was removed by filtration through membrane filters with a pore size of 0.45 m. The chromium equilibrium concentration was measured spectrophotometrically, using UV-Visible GBC 918 spectrometer, at fixed wavelength =420 nm according to the standard procedure.
Supporting theory
In a typical adsorption process, species/materials in gaseous or liquid form (the adsorptive) become attached to a solid or liquid surface (the adsorbent) and form the adsorbate [Scheme 1], ( Christmann, 2010) .
Monolayer adsorption Multilayer adsorption
The heat of adsorption of the first monolayer is much stronger than the heat of adsorption of the second and all following layers. Typical for Chemisorption case
The heat of adsorption of the first layer is comparable to the heat of condensation of the subsequent layers. Often observed during Physisorption Scheme 1. Presentation of the typical adsorption process (after Christmann, 2010) www.intechopen.com
Since the adsorptive and the adsorbent often undergo a chemical reactions, the chemical and physical properties of the adsorbate is not always just the sum of the individual properties of the adsorptive and the adsorbent, and often represents a phase with new properties (Christmann, 2010) . When the adsorbent and adsorptive are contacted long enough, the equilibrium is established between the amount of adsorptive adsorbed on the carbon surface (the adsorbate) and the amount of adsorptive in the solution. The equilibrium relationship is described by isotherms. Therefore, the adsorption isotherm for the metal adsorption is the relation between the specific amount adsorbed (q eql , expressed in (mmol) of the adsorbate per (g) of the solid adsorbent) and the equilibrium concentrations of the adsorptive in liquid phase (C eql , in expressed in (mmol) of the adsorptive per (l) of the solution), when amount adsorbed is equals q eql . Chemical equilibrium between adsorbate and adsorptive leads to a constant surface concentration ( ) in [mmol/m 2 ]. Constant ( ) is maintained when the fluxes of adsorbing and desorbing particles are equal, thus the initial adsorptive concentration and temperature dependence of the liquid-solid phase equilibrium are considered (Christmann, 2010) . A common procedure is to equate the chemical potentials and their derivatives of the phases involved. Note: the chemical potential (μ) is the derivative of the Gibbs energy (dG) with respect to the mole number (n i ) in question (Christmann, 2010) , which is for the adsorption process from the liquid phase is the equilibrium concentrations of the adsorptive in liquid phase (C eql ), when amount adsorbed on the carbon surface is equals (
The decisive quantities when studying the adsorption process are the heat of adsorption and its coverage dependence to lateral particle-particle interactions, as well as the kind and number of binding states (Christmann, 2010) . The most relevant thermodynamic variable to describe the heat effects during the adsorption process is the differential isosteric heat of adsorption (H x ), kJ mol -1 ), that represents the energy difference between the state of the system before and after the adsorption of a differential amount of adsorbate on the adsorbent surface (Christmann, 2010) . The physical basis is the Clausius-Clapeyron equation [2] :
Knowledge of the heats of sorption is very important for the characterization and optimization of an adsorption process. The magnitude of ( H x ) value gives information about the adsorption mechanism as chemical ion-exchange or physical sorption: for physical adsorption, ( H x ) should be below 80 kJmol -1 and for chemical adsorption it ranges between 80 and 400 kJmol -1 (Saha & Chowdhury, 2011 
where q max is the maximum adsorption capacity (monolayer coverage), i.e. mmol of the adsorbate per (g) of adsorbent; K L is the constant of Langmuir isotherm if the enthalpy of adsorption is independent of coverage.
The constant K L depends on (i) the relative stabilities of the adsorbate and adsorptive species involved, (ii) on the temperature of the system, and (iii) on the initial concentration of the metal ions in the solution. Factors (ii) and (iii) exert opposite effects on the concentration of adsorbed species: the surface coverage may be increased by raising the initial metal concentration in the solution but will be reduced if the surface temperature is raised (Christmann, 2010) . If the desorption energy is equal to the energy of adsorption, then the first-order processes has been assumed both for the adsorption and the desorption reaction. Whether the deviation exists, the second-order processes should be considered, when adsorption/desorption reactions involving rate-limiting dissociation. From the initial slope of a log -log plot of a Langmuir adsorption isotherm the order of adsorption can be easily determined: if a slope is of 1, that is 1 st order adsorption; if a slope is of 0.5, that is 2 nd order adsorption process (Christmann, 2010) .
BET (Brunauer, Emmett and Teller) Isotherm: This is a more general, multi-layer model. It assumes that a Langmuir isotherm applies to each layer and that no transmigration occurs between layers. It also assumes that there is equal energy of adsorption for each layer except for the first layer [4]:
where C init is saturation (solubility limit) concentration of the metal ions (in mmol/l) and K BET is a parameter related to the binding intensity for all layers; Two limiting cases can be distinguished: (i) when C eql << C init and K BET >> 1 BET isotherm approaches Langmuir isotherm (K L = K BET /C init ); (ii) when the constant K BET >> 1, the heat of adsorption of the very first monolayer is large compared to the condensation enthalpy; and adsorption into the second layer only occurs once the first layer is completely filled. Conversely, if K BET is small, then a multilayer adsorption already occurs while the first layer is still incomplete (Christmann, 2010) . In general, as solubility of solute increases the extent of adsorption decreases. This is known as the "Lundelius' Rule". Solute-solid surface binding competes with solutesolvent attraction. Factors which affect solubility include molecular size (high MW-low solubility), ionization (solubility is minimum when compounds are uncharged), polarity (as polarity increases get higher solubility because water is a polar solvent).
Freundlich Isotherm: For the special case of heterogeneous surface energies in which the energy term (K F ) varies as a function of surface coverage the Freundlich model are used [5] :
where K F and 1/n are Freundlich constants related to adsorption capacity and adsorption efficiency, respectively.
To determine which model (Scheme 2) to use to describe the adsorption isotherms for particular adsorbate/adsorbent systems, the experimental data were analyzed using model's linearization.
Scheme 2. Models presentation of the adsorption process (after Christmann 2010), where symbol (θ) is the fraction of the surface sites occupied.
Theoretical calculations 2.4.1 Isotherms analysis
The results of Cr (III) adsorbed on activated carbons were quantified by mass balance. To test the system at equilibrium, the following parameters were used: adsorption capacity of the carbon (q eql ) expressed in terms of metal amount adsorbed on the unitary sorbent mass (mmol/g), i. 
where C init and C eql are, respectively, the initial and equilibrium concentrations of metal ions in solution (mmol/l) and m is the carbon dosage (g/l). intercept from which the constant (K BET ) and the monolayer sorption capacity (q max ) can be obtain.
Thermodynamic parameters
Thermodynamic parameters such as change in Gibb's free energy G 0 , enthalpy H 0 and entropy S 0 were determined using the following equation [11] : (Khan and Singh, 1987) from the intercept of the plots of ln (q eql /C eql ) vs. q eql Then, the standard free energy change G 0 , enthalpy change H 0 and entropy change S 0 were calculated from the Van't-Hoff equation [12] .
where K d is the apparent equilibrium constant; T is the temperature in Kelvin and R is the gas constant (8. 
Then, the influence of the temperature on the system entropy was evaluated using the equations [14]
The thermodynamic parameters of the adsorpt i o n w e r e a l s o c a l c u l a t e d b y u s i n g t h e 
where K is a constant. The differential isosteric heat of adsorption was calculated from the slope of the plot of ln(C eql ) vs 1/T and was used for an indication of the adsorbent surface heterogeneity. For this purpose, the equilibrium concentration (C eql ) at constant amount of adsorbate adsorbed was obtained from the adsorption isotherm data at different temperatures according to (Saha & Chowdhury, 2011) .
Results and discussion
Adsorption isotherms
The equilibrium measurements focused on the determination of the adsorption isotherms. Figures 1-4 (Fig. 1, 2) for the oxidized samples and of type IV (Fig. 3, 4) for the parent Norit and Merck carbons. Therefore in all cases, the adosrption of the polar molecules (like Cr III solution) on unpolar surface (like the studied activated carbons) is characterized by initially rather repulsive interactions leading to a reduced uptake (Fig. 1, 2) , while the increasing presence of adsorbate molecules facilitate the ongoing adsorption leading to isotherms of type III. Furthermore, the porous adsorbents are used and additional capillary condensation effects appeared leading to isotherms of type IV (Fig. 3, 4) . Batch adsorption thermodynamics was described by the three classic empirical models of Freundlich (Eq. 8), Langmuir (Eq. 9) and BET (Eq.10). Regression analysis of the linearised isotherms of Freundlich (log q eql vs log C eql ) and Langmuir (1/q eql vs 1/C eql ) and 
, it was the case of the parent Norit carbon; and (ii) when the constant K BET >> 1, the heat of adsorption of the very first monolayer is large compared to the condensation enthalpy and adsorption into the second layer only occurs once the first layer is completely filled, these were the cases of the Cr (III) adsorption by oxidized Merck and Norit carbons; (iii) when K BET is small, which was the case of the parent Merck carbon, then a multilayer adsorption already occurs while the first layer is still incomplete. In the last case that is most probably connected to the less developed porous structure of the parent Merck. Based on the obtained results (Tabl. 4), the Freundlich model appeared to be the most "universal" to describe the equilibrium conditions in all studied adsorption systems over the entire range of temperatures. The linear relationships (R 2~0 .95-0.99) were observed among the plotted parameters at different temperatures for oxidized samples indicating the applicability of the Freundlich equation. The Cr (III) isotherms showed Freundlich characteristics with a slope of ~1 in a log-log representation for the oxidized Merck and Norit activated carbons. These values were in the range of ~0.2 for the parent Merck and Norit carbons; and 1/n was found to be more than 2.6 in the case of oxidized Norit carbon. Larger value of n (smaller value of 1/n) implies stronger interaction between adsorbent and adsorbate [39] . It is known that the values of 0.1<(1/n)<1.0 shows that adsorption of Cr (III) is favorable (Mckay et al., 1982) and the magnitude of (1/n) of to 1 indicates linear adsorption leading to identical adsorption energies for all (Weber & Morris, 1963) . Freundlich constants (K F ) related to adsorption capacity. In average, these values were in a range of (2-9) and decreased by rising the temperature for all studied carbons.
While Langmuir and BET isotherms indicate the homogeneity of the adsorbent surface and uniform energies of the adsorption, the Freundlich type isotherm hints towards transmigration of sorbate in the plane of the surface and its heterogeneity. Therefore, the surface of studied activated carbons could be made up of small heterogeneous adsorption patches which are very much similar to each other in respect of adsorption phenomenon. Since here the Norit and Merck activated carbons were used as supplied and after postchemical oxidative treatment, Cr(III) uptake on initial carbons, i.e. those without surface functionality, taken place mainly due to physisorption and increased with the increase in temperature. For oxidized samples total adsorption increases with the temperature until certain temperature, and further temperature rising led to the reversal adsorption capacity when the total adsorption decreases with the temperature. The cross over appears at 40 0 C. This can be explained by the fact that for carbon reached by surface functionality there is more than one mechanism of chromium sorption: along with the normal physisorption the chemisorption of chromium on the active sites takes place leading to increased adsorption via surface exchange reactions, then with the rise in temperature, i.e. T > 40 0 C, the ionic exchange is no longer the main mechanism of sorption.
Adsorption thermodynamics
The adsorption process involves a solid phase (adsorbent) and a liquid phase containing a dissolved species (adsorptive) to be adsorbed (adsorbate). The affinity of the adsorbent for the adsorbate determines its distribution between the solid and liquid phases. When the sorption equilibrium is established, the adsorbate immobilized in the solid sorbent is in equilibrium with the residual concentration of adsorptive remaining in the liquid phase. The value for the apparent equilibrium constant (K d ) of the adsorption process of the Cr (III) in aqueous solution on studied activated carbons were calculated with respect to temperature using the method of [Khan and Singh] by plotting ln (q eql /C eql ) vs. q eql and extrapolating to zero q eql (Fig. 5, 6 ) and presented in Table. 4. In general, K d values increased with temperature in the following range of the studied activated carbons: Merck_initial < Norit_initial < Norit_ treated by 1M HNO 3 < Merck_treated by 1M HNO 3 (Tabl. 4.). However, it should to be noted that in the case of the parent Norit and Merck activated carbons, the experimental data did not serve well for the apparent equilibrium constants calculation (as pointed by the low correlation values (R 2 ) on Fig. 7) . (13) and (14) were applied to calculate the standard free energy change G 0 and entropy change S 0 with the temperature (Table 5) . Based on the results obtained using the thermodynamic equilibrium constant (K d ) some tentative conclusions can be given. The free energy of the process at all temperatures was negative and decreased with the rise in temperature (Fig. 9 (II) and 10 (II)), which indicates that the process is spontaneous in nature is more favourable at higher temperatures. The entropy change ( S 0 ) values were positive, that indicates a high randomness at the solid/liquid phase with some structural changes in the adsorbate and the adsorbent (Saha, 2011) . This could be possible because the mobility of adsorbate ions/molecules in the solution increase with increase in temperature and that the affinity of adsorbate on the adsorbent is higher at high temperatures (Saha, 2011) . The positive values of H 0 indicate the endothermic nature of the adsorption process, which fact was evidenced by the increase in the adsorption capacity with temperature (Tabl. 5). The magnitude of H 0 may also give an idea about the type of sorption. As far as physical adsorption is usually exothermic process and the heat evolved is of 2.1-20.9 kJ mol -1 (Saha 2011); while the heats of chemisorption is in a range of 80-200 kJ mol -1 (Saha 2011), and the enthalpy changes for ionexchange reactions are usually smaller than 8.4 kJ/mol (Nakajima & Sakaguchi, 1993) , it is appears that sorption of Cr(III) on studied activated carbons is rather complex reaction. It has to be pointed out, that owing to different operating mechanisms for the Cr (III) adsorption on studied samples, given the K d values are not vary linear with the temperature (see Fig. 8 (IV) and the regression coefficients in Tabl. 5) and hence applying of the van't Hoff type equation for the computation of the thermodynamic parameters for the adsorption on the studied carbons is not fully correct, especially in a case of parent carbons (see Fig. 9 (IV) and 10 (IV)). On the other hand, Langmuir, Freundlich and BET constants showed similar variation with temperature ( Fig. 8 (I) , (II) and (III)), and hence were also used to calculate the thermodynamic parameters (compare the R 2 for different calculations, Table 5 ).
www.intechopen.com
Thermodynamics -Interaction Studies -Solids, Liquids and Gases 112 Table 5 . Thermodynamic parameters of the Cr III adsorption on studied activated carbons at different temperatures According to the calculation using (K L ), (K F ) and (K BET ) constants (Tabl. 6), the free energy of the processes at all temperatures was negative and increased with the temperature rise ( Fig.  9 (I), (II), (III) and Fig. 10 (I) , (II), (III)), which indicates spontaneous in nature adsorption processes. While, an increase in the negative value of ΔG 0 with temperature indicates that the adsorption process is more favorable at low temperatures indicating the typical tendency for physical adsorption mechanism. The overall process on oxidized carbons seems to be endothermic; whereas that on initial Norit and Merck activated carbons is more evident being exothermic, the negative values of H 0 in the last case indicate that the product is energetically stable (Tabl. 6). Had the physisorption been the only adsorption process, the enthalpy of the system should have been exothermic. The result suggests that Cr (III) sorption on initial activated carbons is either physical adsorption nor simple ion-exchange reactions, whereas it on oxidized carbons is much more complicated process. Probably, the transport of metal ions through the particle solution interface into the porous carbon texture followed by the adsorption on the available surface sites are both responsible for the Cr (III) uptake.
The negative S 0 value shows a greater order of reaction during the adsorption on initial activated carbons that could be due to fixation of Cr (III) to the adsorption sites resulting in a decrease in the degree of freedom of the systems. In some cases of oxidized Merck carbon the entropy at all the temperatures positive and is slightly decreases with the temperature with an exception for 40°C. It means that with the temperature the ion-exchange and the replacement reactions have taken place resulted in creation of the steric hindrances (Helfferich, 1962) which is reflected in the increased values for entropy of the system, but at 50°C, these processes are completed and the system has returned to a stable form. Thus it can be concluded that physisorption occurs at a room temperature, ion-exchange and the replacement reactions start with the rise in the temperature and they became less important at T > 40°C. Based on adsorption in-behind physical meaning, some general conclusions can be drawn. When the activated carbon is rich by surface oxygen functionality and has well developed porous structure, including mesopores, the evaluation of the thermodynamic parameters can be well presented by all of (K d ) (K L ), (K F ) and (K BET ) constants. When similar, but more microporous carbon is used, the thermodynamic parameters is better to present by (K d ), (K F ) and (K BET ) constants. However, when the carbon has less developed structure and surface functionality, thermodynamic parameters is better to evaluate based on (K L ) and (K F ) constants. As a robust equation, Freundlich isotherm fits nearly all experimental adsorption data, and is especially excellent for highly heterogeneous carbons. Therefore (K F ) constants can be used for the comparison of the calculated thermodynamic parameters for different activated carbons. However, predictive conclusions can be hardly drawn from systems operating at different conditions and proper analysis will require relevant model as one of the vital basis.
Isosteric heat of the adsorption
The equilibrium concentration [Cr III] eql of the adsorptive in the solution at a constant [Cr III] uptake was obtained from the adsorption data at different temperatures ( Fig. 1 -4) . Then isosteric heat of the adsorption ( H x ) a was obtained from the slope of the plots of ln[Cr III] eql versus 1/T (Fig. 11, 12 ) and was plotted against the adsorbate concentration at the adsorbent surface [Cr III] eql , as shown in Fig. 13 . (Fig. 13) , the isosteric heat of adsorption steadily increased with an increase in the surface coverage, suggesting the occurrence of positive lateral interactions between adsorbate molecules on the carbon surface (Do 1998) . In contrary, for the parent Norit and Merck activated carbons (Fig. 13) , the ( H x ) is very high at low coverage and decreases sharply with an increase in [Cr III] uptake . It has been suggested that the high ( H x ) values at low surface coverage are due to the existence of highly active sites on the carbon surface. The adsorbent-adsorbate interaction takes place initially at lower surface coverage resulting in high heats of adsorption. Then, increasing in the surface coverage gives rise to lower heats of the adsorption (Christmann, 2010) . The magnitude of the ( H x ) values ranged in 10-140 kJ mol -1 revealed that the adsorption mechanism for the studied activated carbons is complex and can be attributed to the combined chemical-physical adsorption processes. 
General remarks
It should be stressed, however, that the interpretation of the results presented here is tentative. According to our previous investigation on the equilibrium for the studied systems at different pHs and at a room temperature there are both slow and fast Cr(III) uptakes by Norit and Merck carbons (Lyubchyk, 2005) . The actual time to reach equilibrium is strongly depended on the initial and equilibrium pH of the solution, as well as on the surface functionality and material texture, and was varied between 0.5 and 3 months for different carbons at different pHs. The process did not appear to achieve equilibrium over the time interval used for the batch experiment of ca. 0.5-1 month, especially for the carbons reached by surface functionality (i.e. those modified by nitric acid), as well as for the all systems at moderated acidic pH values, i.e. pH 2 and 3.2. Thus, for the Norit and Merck carbons treated by 1 M HNO 3 the chromium removal increased from 40-50 % to 55-65 % as the contact time is increased from 0.5 to 3 months at pH 3.2. At pH 3.2 the carbon's surface might have different affinities to the different species of chromium existing in the solution. Under real equilibrium conditions our results showed that studied Merck activated carbons adsorb Cr (III) from the aqueous solution more effective then corresponded Norit samples. It is related to the microporous texture of Norit carbons that could be inaccessible for large enough Cr (III) cations (due to their surrounded layers of adsorbed water). This finding points out that the chosen current conditions for batch experiment at different temperatures could be out of the equilibrium conditions for the studied systems. Therefore current analysis of the thermodynamic parameters should be corrected taking into account the behaviors of the systems in complete equilibrium state.
Conclusion
The adsorption isotherms are crucial to optimize the adsorbents usage; therefore, establishment of the most appropriate correlation of an equilibrium data is essential. Experimental data on adsorption process from liquid phase on activated carbon are usually fitted to several isotherms, were Langmuir and Freundlich models are the most reported in literature. To determine which model to use to describe the adsorption isotherms the experimental data were analyzed using linearised forms of three, the widespread-used, Langmuir, Freundlich and BET models for varied activated carbons. As a robust equation, Freundlich isotherm fitted nearly all experimental adsorption data, and was especially excellent for highly heterogeneous adsorbents, like post-treated by HNO 3 Merck and Norit activated carbons. It was shown, that in all cases, when Langmuir model fall-shorted to represent the equilibrium data, the BET model fitted the adsorption runs with better correlations, and an opposite, when Langmure model better correlated the equilibrium data, BET model was less applicable. In some cases, chosen models were not able to fit the experimental data well or were not even suitable for the equilibrium data expression. As-depicted irregular pattern of experimental data and applied linearised models are likely to be caused by the complex nature of the studied activated carbons. Different adsorption behavior is related to the varied porous structure, nature and amount of surface functional groups, as well as to the different operating mechanism of the Cr (III) with temperatures rising.
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The thermodynamics parameters were evaluated using both the thermodynamic equilibrium constants and the Langmuir, Freundlich and BET constants. The obtained data were compared, when it was possible. Based on adsorption in-behind physical meaning general conclusions were drawn. However, it should be stressed, that the interpretation of the results presented here is tentative. The principal drawback of adsorption studies in a liquid phase is associated with the relatively low precision of the measurements and the long equilibration time that is requires. These factors imply that an extensive experimental effort is needed to obtain reliable adsorption data in sufficient quantity to allow evaluated the process thermodynamics. Therefore, the adsorption experiments are carried out either under pseudo-equilibrium condition when the actual time is chosen to accomplish the rapid adsorption step or under equilibrium condition when the contact time is chosen rather arbitrary to ensure that the saturation level of the c a r b o n i s r e a c h e d . W h i l e , t h e a d s o r p t i o n m o d e l s a r e a l l v a l i d o n l y a n d , t h e r e f o r e , applicable only to completed equilibration.
